The accuracy of the urea breath test (UBT) and histological grading for estimation of the density of Helicobacter pylori in gastric mucosa is not known. Real-time (TaqMan) PCR was used to estimate the total number of H. pylori genomes in biopsy samples. These values were compared with those obtained by the UBT and the histological grade obtained by the Sydney system. The UBT and endoscopy with antral and corporal biopsies were performed in 88 consecutive untreated patients with dyspepsia. Bacterial culture and the rapid urease test were done with fresh biopsy materials. TaqMan PCR and histological examination were done on serial paraffin sections of the biopsy samples. Of the five methods tested, TaqMan PCR had the highest sensitivity and specificity (both 100%) in the diagnosis of H. pylori infection. The mean density of H. pylori genomes for pairs of biopsy samples from individual patients was compared with the individual values obtained by the UBT; correlation between the results was significant. The density of H. pylori genomes was higher in histological grades 1, 2 and 3 than in grade 0, without significant differences between adjacent grades from 1 to 3. These results suggest that the severity of H. pylori infection of the stomach can be estimated by the UBT and that histopathologists might state whether the organism is present or absent, rather than making a quantitative statement as recommended in the Sydney system.
Introduction
The Sydney system for the classification of gastritis emphasises the importance of topographical, morphological and aetiological information. The system recommends that histopathologists make semiquantitative evaluations of gastritis, including the density of Helicobacter pylori in biopsy samples [1] . The density of H. pylori in such samples is correlated to the severity of gastritis [2, 3] . The bacterial density of H. pylori in the stomach may be a predictive parameter for treatment success [4, 5] , and may be associated with bacterial virulence factors in ulcer pathogenesis [6] . Biopsy samples can be examined by the rapid urease test, histological examination and conventional PCR, but these methods are not quantitative. Histological grading by the Sydney system can show the density of H. pylori in biopsy samples, but inter-observer differences are considerable [7] . More objective and quantitative methods are needed.
The urea breath test (UBT) is the most useful noninvasive test for H. pylori [8] . The bacterium produces a powerful urease, which is the basis of the UBT; labelled CO 2 released by hydrolysis of labelled urea by urease into exhaled breath is measured. The density of H. pylori in gastric mucosa might be assessed indirectly by this quantitative method, but there is disagreement about whether correlation is significant [9, 10] or not [11, 12] between results of the UBT and the histologically estimated density of H. pylori in biopsy samples of the stomach.
This study used real-time (TaqMan) PCR to estimate numbers of H. pylori genomes in paraffin sections of biopsy samples. The specificity and sensitivity of this method to diagnose H. pylori infection were evaluated, as were those of other diagnostic methods, and the density of H. pylori genomes in biopsy samples was compared with the results of the UBT and the histological grading by the Sydney system.
Patients and methods

Patients
Eighty-eight consecutive patients (mean age 50.7 SD 14.5 years; 60 men and 28 women; all Japanese) with dyspepsia attending this university hospital for diagnostic upper gastrointestinal endoscopy between Dec. 1997 and Jan. 2000 were enrolled. None of the patients had previously received antibiotic treatment for H. pylori, and all patients underwent a [
13 C] UBT just before the endoscopy. Gastrointestinal findings identified on the basis of endoscopy were recorded, and patients were classified into five groups according to the most severe findings: duodenal ulcer or ulcer scar (n ¼ 13), gastric ulcer or ulcer scar (n ¼ 27), erosions (n ¼ 6), gastritis (n ¼ 37) and normal (n ¼ 5). Duodenal and gastric ulcers were identified as circumscribed breaks in the mucosa that measured at least 5 mm across and surrounded a depressed area. Gastritis was classified as atrophic (n ¼ 28), superficial (n ¼ 5), hyperplastic (n ¼ 2), metaplastic (n ¼ 1) or verrucous (n ¼ 1).
Entry procedure
At entry, each patient underwent upper gastrointestinal endoscopy, histological evaluation of gastric mucosa and assessment of H. pylori status. Written informed consent to a biopsy of the gastric mucosa for diagnosis of H. pylori infection was obtained from each study participant in accordance with the Declaration of Helsinki (1964) and its later revisions.
Diagnostic assays
During endoscopy, three specimens each were obtained from the greater curvature of the antrum and from the middle portion of the greater curvature of the corpus. The first tissue sample was used for a CLO test (Delta West, Bentley, Western Australia). The test plate was brought to room temperature before use and monitored for colour change for 24 h after the addition of the gastric tissue. The second tissue sample was used for bacterial culture. Cultures for H. pylori were carried out on modified Skirrow agar with equine blood 10% [13] incubated was for 5-7 days at 378C in a microaerobic atmosphere. H. pylori was identified by colony morphology and biochemical tests (urease, catalase and oxidase activities). The third tissue sample was used for histological examination and TaqMan PCR [14] . Tissues were placed in neutral buffered formalin 10% for ,24 h and embedded in paraffin wax. Tissue blocks were sliced 10 ìm thick and DNA of each biopsy specimen was extracted with a Dexpat kit (Takara Shuzo, Kyoto, Japan). Then 4-ìm sections were stained with Giemsa and the colonisation of H. pylori on the gastric epithelium was graded on a 4-point scale of none (grade 0), mild (grade 1), moderate (grade 2) or severe (grade 3) according to the guidelines of the Sydney system [1] . Briefly, severe colonisation was defined as the presence of large groups of organisms on the surface and upper pits of two-thirds or more of the mucosal surface examined. Mild colonisation was defined as the presence of single organisms, or small groups, on less than one-third of the mucosal surface. Moderate colonisation was a condition between these two. Histological grading was made independently by two pathologists who were blinded to the results of other tests. The grading of 148 of the 176 samples (84%) by the two pathologists was the same. For the samples with different results, consensus about the findings was reached by discussion with a third pathologist.
The UBT was done the day before the endoscopy. After an overnight fast, each patient provided a base-line breath sample. Patients swallowed 100 ml of distilled water containing 100 mg of [
13 C] urea. After 15 min, a breath sample was collected in an air sample bag. The 13 CO 2 = 12 CO 2 ratio was measured with a gas isotoperatio mass spectrometer (ABCA-NT; Europa Scientific, Crewe, UK). Results of the test were calculated as delta per mille change above the base line (before the administration of [
13 C] urea). Test results were considered positive if the ratio was .5‰.
Real-time (TaqMan) PCR
TaqMan PCR was performed to amplify fragments of 16S ribosomal RNA of H. pylori and of human â-globin DNA. For H. pylori, the primers used were HP-F, 59-CTCATTGCGAAGGCGACCT-39 and HP-R, 59-TCTAATCCTGTTTGCTCCCCA-39, and the TaqMan probe was HP-P, 59-ATTACTGACGCTGATTGC GCGAAAGC-39. For the human â-globin gene, primers were BG-F, 59-TGCCTATCAGAAAGTGGT GGCT-39 and BG-R, 59-GCTCAAGGCCCTTCATAA TATCC-39, and the TaqMan probe was BG-P, 59-TGG CTAATGCCCTGGCCCACAA-39. TaqMan PCR was performed in a reaction volume of 50 ìl containing 5 ìl of sample DNA, 5 pmol of each primer, 2 pmol of a TaqMan probe, 10 nmol of each deoxynucleotide, 175 nmol of MgCl 2 , 1.25 U of AmpliTaq Gold (PE Biosystems, Foster City, CA, USA) and 13 TaqMan buffer A (PE Biosystems). Amplification and detection were done with a detection system (GeneAmp 5700, PE Biosystems) with the profile of 958C for 5 min and then 50 cycles of 958C for 15 s and 608C for 1 min. The amount of bacterial and human DNA in samples was estimated from internal standard samples of serially diluted bacterial and human DNA, respectively. The amount of bacterial DNA was expressed in terms of the number of bacterial genomes, with 1:25 3 10 10 Da=genome used in the conversion. The amount of human DNA in the same specimen was measured by TaqMan PCR of human â-globin DNA. The density of H. pylori in the biopsy samples was expressed as the numbers of bacterial genomes=pg of human DNA detected.
The specificity of primers and probes for the DNAs of H. pylori and human â-globin was examined with the same procedures as for tissue samples. TaqMan analysis with each set of primers and probe for H. pylori or human â-globin DNA was done with 100 ng of bacterial DNA from H. pylori (ATCC 43504D), Mycobacterium tuberculosis (RIMD 1337002), M. avium (IID 585), M. avium subsp. paratuberculosis (ATCC 19698), Bacteroides vulgatus (ATCC 8482), Escherichia coli (ATCC 11775), Propionibacterium acnes (ATCC 6919), P. granulosum (ATCC 25564) and Fusobacterium varium (JCM 3722), and of human DNA extracted from normal spleen tissue. TaqMan PCR specifically amplified the H. pylori DNA, and background values for DNA of other bacteria were less than one genome after PCR. TaqMan PCR of â-globin DNA specifically amplified human DNA, and bacterial genomes were not detected. Negative controls without bacterial DNA were included in every PCR; background values were always less than one genome. Samples with one or more bacterial genomes were counted as having positive results.
Case definitions
In comparisons of the five assays in this study, no single test was used as the criterion standard. A patient's H. pylori infection status was established by concordance of results of a minimum of two of the five tests. If the result for either of the two biopsy samples from the gastric antrum and corpus was positive, the patient was considered to have a positive result for that test.
Statistical analysis
Test-quality criteria (sensitivity, specificity, positive predictive value and negative predictive value) were compared in a four-field 
those between 0.50 and 0.75 indicated moderate agreement, and those ,0.50 indicated low agreement [15] . Differences with p values ,0.05 were considered to be significant.
Results
Results of the five tests were all negative for 15 patients and all positive for 62 patients, giving concordance in 77 (88%) of the 88 patients. One patient each had one, two and three positive results, and eight patients had four positive results. The 72 patients (82%) with two or more positive results were considered to be infected with H. pylori. The mean density of H. pylori genomes in pairs of biopsy samples from the gastric antrum and corpus of such patients ranged from 5 to 1125; the median was 168 (25th and 75th percentiles were 64 and 378, respectively).
Sensitivity and specificity in identification of the H. pylori status are shown in Table 1 . TaqMan PCR had 100% sensitivity and specificity. The rapid urease test and culture both had 100% specificity but lower sensitivity. Histological examination and the UBT had sensitivity and specificity ,100%. False negative results for H. pylori infection were found with the histological examination (one patient with a mean density of 36 H. pylori genomes), the rapid urease test (four patients with mean densities of 13, 17, 18 and 23), culture (two patients with mean densities of 538 and 1026) and the UBT (three patients with mean densities of 23, 62 and 114), but not with TaqMan PCR. False positive results for H. pylori infection were found with the histological examination (one patient with no H. pylori genomes detected) and the UBT (one patient with no such genomes detected), but not with the rapid urease test, culture or TaqMan PCR. Fig. 1 shows the density of H. pylori genomes in tissue samples plotted against the histological grade by the Sydney system. Unexpectedly, H. pylori was detected 
Discussion
TaqMan PCR has been used for quantitative estimates of the numbers of bacteria such as M. tuberculosis [14] , Listeria monocytogenes [16] , Salmonella spp. [17] and Yersinia pestis [18] . However, to our knowledge, the technique has not been used for such estimates of H. pylori. Assays based on conventional PCR to detect the presence of H. pylori DNA with different gene targets have been described [19] [20] [21] [22] [23] . Among them, Weiss et al. [23] used conventional PCR to detect the presence of a 136-bp fragment of H. pylori 16S rRNA in formalin-fixed paraffin-embedded gastric biopsy specimens from 95 patients with dyspepsia and found 94% sensitivity and 100% specificity. The present study used TaqMan PCR to amplify an 85-bp fragment of H. pylori 16S rRNA and found 100% sensitivity and 100% specificity. The sensitivity may be greater partly because the amplicon was shorter, but a more important factor may be other differences in the detection procedure itself. The analytical sensitivity of TaqMan PCR is close to that of the nested PCR; both methods can detect as few as 10 copies of a standard plasmid [24] . In addition to its quantitative results, advantages of TaqMan PCR compared with conventional nested PCR are shorter working time (shorter cycling time and no gel electrophoresis), larger numbers of samples (up to 96) that can be worked with in a single round, and lower risk of contamination because amplified samples are not further handled.
For accurate evaluation of H. pylori density in gastric mucosa, the density of H. pylori in the biopsy samples was expressed as the number of bacterial genomes=pg of human DNA found by PCR of â-globin DNA. Such correction may be useful when specimens differ in size, including when histological sections differ in thickness. Furthermore, correction may be needed to prevent false-negative results and to adjust results affected by fixation of the tissues with formalin. PCR amplification may be suppressed by a specific inhibitor in the sample DNA solution, preventing positive findings. With the method used in the present study, when amplification is suppressed by a specific inhibitor, not only H. pylori DNA but also human â-globin DNA is undetectable. In this way, true negative results can be distinguished from false negative results. DNA in paraffin samples degenerates when the samples are fixed with formalin. A fixation time of ,24 h and target fragment sizes of 85-120 bp were chosen on the basis of studies of the relationship between fixation time and the amplifiable fragment size [25] . Not only samples prepared especially for this study but also routine samples from other laboratories that have been processed differently may be examined accurately by the method reported here, because H. pylori and human DNA in a sample probably are denatured at a similar rate during preparation.
In this study, false negative results from histological examinations, the rapid urease test and the UBT were considered to indicate the lower sensitivity of these methods, because the density of H. pylori genomes in most of the patients with such false negative results was lower than the 25th percentile for patients with true positive results. The values for the density of H. pylori in the two false negative results by culture suggest that the problem was not sensitivity but probably a technical failure in the cultivation of H. pylori ( H. pylori is often difficult to isolate in culture).
False positive results by histological examination and the UBT may have been caused by non-specific bacterial staining with Giemsa or mistakes made during the UBT. Of the variety of diagnostic methods tried, the real-time quantitative PCR reported here had the highest sensitivity and specificity in the evaluation of H. pylori infection in untreated patients with dyspepsia.
TaqMan PCR detected H. pylori genomes in 11 of the 43 samples with negative results by histological examination. All these samples were from patients infected with H. pylori according to the study criteria. It was likely that histological results for those samples were false negatives. The four PCR-negative samples of grade 1 and the one such sample of grade 2 may have given false positive results.
The reliability of the histological grading of H. pylori density in this study was similar to that reported by others. Two of the authors examined two biopsy samples (from the gastric antrum and corpus), stained with Giemsa, from 88 patients (total, 176 samples) and graded the H. pylori density. Results agreed for 65 of the antral biopsies (74%; k ¼ 0:62) and for 79 of the corporal biopsies (90%; k ¼ 0:84); the k values were close to those (0.70-0.89) reported by Andrew et al. [26] .
The method reported here made possible objective estimation of bacterial density in the gastric mucosa. Moshkowitz et al. [4] reported that bacterial density, as assessed by urease activity, can help to predict H. pylori eradication. They suggested that the UBT done before treatment can be used to identify patients for whom the standard therapeutic regimen should be modified. Sheu et al. [5] suggested that histologically estimated bacterial density in gastric mucosa also can be used to predict H. pylori eradication in patients with duodenal ulcer bleeding. Atherton et al. [6] reported that quantitative culture gave greater reproducibility of results than histological examination, and that H. pylori density in vivo is associated with the cagA and vacA genotypes (bacterial virulence determinants), the extent of gastric inflammation, and whether there is duodenal ulceration. Thus, measurement of H. pylori density in gastric mucosa may be useful in studies of whether the severity of the infection of gastric mucosa has clinical or pathological meaning. However, the semiquantitative histological examination of the Sydney system cannot be used for this purpose, because of the lack of a significant difference between adjacent histological grades 1-3. It might be appropriate for histopathologists to conclude whether the organism is present or absent, rather than making a quantitative estimate as recommended in the Sydney classification.
The numerical results of the UBT are a function of total urease activity within the stomach, so the UBT might be a quantitative index of the density of gastric H. pylori colonisation. There have been many studies reporting inconsistent results about the relationship between results of the UBT and those of histologybased semiquantitative measures of bacterial infection. Such inconsistency may have arisen from inter-observer differences [7] or inaccuracy in the estimation of bacterial density by a subjective histology-based method. Epple et al. [27] found significant correlation (r ¼ 0:78) in results by these two methods, but they reported that the correlation was high only when many patients with histologically negative results (there were 49 in the 126 patients) were included in the analysis; when excluded, correlation was weak (r ¼ 0:33). They suggested that the weakness of correlation when H. pylori-negative patients were excluded was due to overlapping of values obtained by the UBT in the three histologically defined groups with low, moderate and high colonisation densities, and concluded that the UBT is not suitable for estimation of the density of H. pylori colonisation.
In the present study, objective and numerical results of the H. pylori density in the stomach were compared with the results of UBT, and significant correlation was found between the two methods both with and without results of H. pylori-negative patients. Differences in H. pylori strains may account for differences in urease activity [28] , so quantitative results of the UBT may be inaccurate. Furthermore, the corpus and fundus of the stomach may be coated unevenly with urea if the protocol of the UBT, including positioning of the patient, is not strictly followed. The mean density of H. pylori genomes in paired biopsy samples from the gastric antrum and corpus may not reflect total bacterial numbers of H. pylori in the stomach. Even with these possible drawbacks, correlation was significant in this study. Information from the UBT is useful not only in identifying H. pylori infection but also in indirect assessment of the numbers of H. pylori in the stomach.
